Abstract: Nitrogen loss through ammonia volatilization is an environmental and economic concern. When acid traps are used with wind tunnels to measure ammonia volatilization, loss of solution volume is observed. As the loss mechanism affects volatilization estimates, a field study was conducted to determine if solution loss from acid traps was due to either selective loss of water through evaporation, loss of bulk solution, or a combination. Two methods for calculating air flow volume through the acid traps were also examined. Solution losses from acid traps averaged 40 mL d −1 (±9.2 mL) from an initial 100 mL, and ammonium concentration increased in close accordance with the dilution-concentration relationship for aqueous solutions. Hence, solution loss was due to evaporation, with virtually no ammonium loss, confirming that the flux calculations using corrected acid trap volumes are required. Failure to correct for the reduced volumes resulted in 9%-224% overestimation of ammonium concentrations. Air flow volumes through acid traps were underestimated by 18.5% when initial and final air flow rates were used compared with continuous cumulative flow measurements. Using cumulative flows and accounting for evaporation loss from acid traps help ensure that treatment differences are not masked by the inherent variability in field-based measurements.
Introduction
Ammonia (NH 3 -N) volatilization is an important pathway for nitrogen (N) loss after fertilizer is applied to agricultural soils. Urea fertilizer is particularly susceptible to NH 3 -N volatilization; increasing usage of urea and other fertilizers in Canada and globally (Heffer and Prud'homme 2015) necessitates improved methods for quantifying NH 3 -N losses after fertilizer application. Minimizing measurement errors is imperative in volatilization studies, as there can be considerable spatial variability in ammonia fluxes at the 1 m 2 scale due to high spatial variability of the soil properties controlling ammonia volatilization (Corstanje et al. 2008) . Large coefficients of variations have been reported in flowthrough chambers measuring ammonia volatilization from livestock manure in storage and feedlot surfaces (Cole et al. 2007 ). While fertilizers are more homogeneous in chemical composition than manures, any variation in application (e.g., applicator blockage, complete or partial incorporation) could introduce large variability in ammonia fluxes. Methodologies for measuring NH 3 -N volatilization include micrometeorological approaches based on mass balance [e.g., integrated horizontal flux (IHF)], indirect measurements (e.g., 15 N), and static or dynamic field chambers (McGinn and Janzen 1998) . In most static and dynamic field chambers, an acid trap is used to collect the off-gassed NH 3 -N, where the acid is either embedded in a sponge or contained in an aqueous solution. Alternatively, real-time analyzers (e.g., chemiluminescence) can be used to accurately measure ammonia losses (Rhoades et al. 2010 ) coming through dynamic field chambers. The main limitation to using real-time analysis is the expense of the analyzers, which can limit the realistic number of replicates/ treatments that can be included in the study. Acids commonly used to strip NH 3 -N from air include boric acid, sulfuric acid, phosphoric acid (H 3 PO 4 ), and hydrochloric acid (McGinn and Janzen 1998; Ndegwa et al. 2009 ).
Dynamic wind tunnel field chambers developed by Lockyer (1984) continue to be the recommended NH 3 -N volatilization sampling method for comparing multiple treatments (and replicates) within field studies (Shah et al. 2006; Sommer and Misselbrook 2016 ) that examine fertilizer and (or) manure sources, placement methods, timing of application, and other ammonia volatilization reduction strategies (Misselbrook et al. 2005b; Rochette et al. 2009; Drury et al. 2017) . Ammonia volatilization emissions based on data from wind tunnel field studies are being used in the Intergovernmental Panel on Climate Change greenhouse gas inventories and synthesis publications (Pan et al. 2016) . The wind tunnels used by Fischer et al. (2016) and Drury et al. (2017) bubbled sampled air through acid traps containing 100 mL of 0.02 and 0.005 mol L −1 H 3 PO 4 solution, respectively, and notable loss of solution volume occurred over the 24 h sampling interval. The vigorous bubbling is used to ensure complete capture of NH 3 -N due to increased surface area of the small bubbles that are forced through a dispersion tube. The objective is to choose a flow rate that is high enough to capture ammonium in sufficient concentrations that could be analyzed while minimizing the risk of splashing acid into the tubing running from the trap to the flowmeter. This high throughput of air increases the overall concentration of NH 3 -N captured in the trap, which ensures that sample concentrations exceed the lower detectable limit of the analytical equipment. In addition, the NH 3 -N volatilization flux calculation incorporates the large flow volumes of the wind tunnels (∼25 000 m 3 d
−1
) and the small volumes of the acid traps (∼4.3 m 3 d −1 ) for a final determination of flux (Drury et al. 2017) . Increasing the acid trap flow rates as high as possible provides a more representative sample especially given the high dilution factor. Thus, while the volume loss phenomenon observed within the acid trap would likely be diminished if flow rates were decreased and vigorous bubbling did not occur, other factors within this method of collection require that a higher flow rate takes precedence. The NH 3 -N volatilization calculations of Fischer et al. (2016) and Drury et al. (2017) and presumably other researchers that employ this wind tunnel method although not explicitly stated, assume that water loss (i.e., evaporation) is the primary mechanism for solution loss from acid traps, and that all captured NH 3 -N remains dissolved in the surviving acid solution as ammonium (NH 4 + -N). There appears, however, to have been no direct test of this assumption in the literature. Although evaporation is the presumed mechanism for loss, there is the potential for bulk volume to be lost through splashing into the tubing and a lastly from acid aerosols. Aerosols can be formed during the bursting of a bubble at a water surface which can eject particles (which can contain NH 4 + -N and NH 3 -N) into the atmosphere; this is well documented in marine spray during wave breaking (Fuentes et al. 2010 ) and in aeration tanks in wastewater treatment (Upadhyay et al. 2013) . Ammonium can be bound to dust-based aerosols (Xu and Penner 2012) , and if bound prior to entering the acid trap could conceivably be lost again during the vigorous bubble bursting at the acid trap surface. The calculations often further assume that air flow is sufficiently constant over each sampling interval, that cumulative volume of air flow through the acid traps can be accurately determined using starting and ending air volumetric flow rates (L min ) multiplied by the sampling interval (min) (Meisinger et al. 2001 ). This approach does not account, however, for potentially large variations in both air flow and water evaporation rates over the sampling period due to changes in relative humidity, temperature, and barometric pressure. It was consequently hypothesized that carefully calibrated air-flow meters with a continuous totalizer function would provide more accurate estimates of cumulative air flow volume, and thereby, more accurate estimates of ammonia volatilization. The objectives using this automated collection and monitoring equipment were to determine (i) if solution loss from the acid trap is due to evaporative loss of water, loss of bulk solution, or a combination of both evaporative water loss and bulk solution loss; and (ii) if the totalizer function of a flow meter provides more accurate estimates of volume of air flowing through the acid traps than calculations using starting and ending air flow rates.
Materials and Methods

Wind tunnel design
The wind tunnels were based on the design of Lockyer (1984) and consist of an inverted U-shaped arch of clear polycarbonate attached to a steel frame (2 m long by 0.5 m wide by 0.48 m high) that covered 1 m 2 area of soil.
The wind tunnels were located at plot edges so that the reference port at the tunnel entrance sampled ambient out of treatment air and the sampling port near the tunnel exit sampled in treatment air. The exit of the tunnel was attached to a collar which creates a Venturi effect on the wind at the sampling port. Beyond the collar, a variable-frequency blower created wind speeds of 4.5 km h −1 flowing over the 1 m 2 wind tunnel footprint (Fig. 1a) , which was determined by field sonic anemometers, placed 0.25 m above the soil surface, in 2013 and 2014 to be representative of average near-surface wind speeds at the field site (data not shown). Adjusting wind speed to represent ambient conditions (at 0.25 m) can provide ammonia volatilization values in statistical agreement with IHF results (Sommer and Misselbrook 2016) . Wind speed can directly affect ammonia volatilization rates within wind tunnels. Misselbrook et al. (2005a) reported a linear response to wind speeds between 0.5 and 4 m s −1 and ammonia loss. They found that there was a 1015% increase in total available N lost for every 1 m s −1 increase in wind speed following with pig and cattle manure application. Thompson et al. (1990) also found a positive response to increased wind speed (0.5-3 m s −1 ) with surface-applied cattle slurry, but in their study, wind speed was not a dominant factor in overall ammonia losses. Sommer et al. (1991) showed a positive increase in losses, from cattle slurry, up to 2.5 m s −1 , whereas increases in wind speed beyond 2.5-4 m s −1 did not influence loss. Sommer and Misselbrook (2016) suggested having relatively high wind speeds will increase the likelihood of agreement with the IHF method, as the laminar boundary layer resistance will no longer be the controlling factor for ammonia volatilization loss. The reference and sampling port air samples were collected using 4.76 mm ID polytetrafluoroethylene (PTFE) tubing (Saint Gobain Performance Plastics©, Paris, France), and then bubbled (using a porous glass dispersion tube with 40-60 μm diameter pores) through 100 mL of 0.005 mol L −1 H 3 PO 4 aqueous solution in acid traps constructed from 25.4 mm PVC tubing (Fig. 1b) . The air flow rate through the acid traps was set at 3 L min −1 using a brushless micro-diaphragm 12 V DC pump (Model NMP850.0) (KNF Neuberger©, Trenton, NJ, USA) (Fig. 1c) , and these values were recorded at the beginning and end of each 24 h collection period. The advantages of using a micro-diaphragm pump are due to the compact size so it can be contained within the water proof control box with the other monitoring equipment, the pump uses no oil for operation (lowering risk of contamination), has a closed diagram surface for a strong gas seal and is specifically designed for use in environmental monitoring analysis and in medical settings. The acid solution in the traps scrubs any NH 3 -N from the sampled air in a neutralization reaction and retains it as aqueous NH 4 + -N. Complete and accurate capture of NH 3 -N requires the quantity of H 3 PO 4 within the acid trap to greatly exceed the adsorption capacity needed for maximum expected daily NH 3 -N emissions (Ndegwa et al. 2009 ).
After leaving the acid traps, the NH 3 -free air entered the water proof control box, where it passed through NITRA® pneumatic filters (AF-213) to remove particulates and condensate (Fig. 1c) , then through flowmeters (Model FLR1006) (Omega©, Stamford, CT, USA) to measure air flow volume, and then released to the atmosphere through basal exhaust ports. This Pelton-type turbine wheel flowmeter is optimized for low flow conditions and it is designed for continuous data acquisition. This turbine wheel flowmeter is an improvement over traditional glass tube and ball flowmeters, which can only provide flow rate readings with limited or no data logging capabilities. Both air flow rate and daily cumulative air flow volume were recorded over 27 d in three wind tunnels using a combination flow rate and batch flow meter with a totalizer function (Model DPF66) (Omega©, Stamford, CT, USA). Cumulative flow volume of air (L) was measured at 200 ms intervals using the meter's flow totalizer function, thus removing the need for using averages from instantaneous flowmeter readings, effectively increasing the overall automation within the collection protocol. Loss of solution volume from the acid traps was calculated as liquid volume per unit air flow volume (mL m −3 ) to account for variations in total air flow, and the result was then divided by time between samplings and standardized to 24 h (i.e., mL solution per m 3 air flow per 24 h). The average time between samplings was 23.8 h (SD = 0.09). The difference in time between the sampling interval (23.8 h) and 24 h was due to the time required to change the acid solution in the acid trap and time to blow out the PTFE tubing to remove any dust particles or debris with an air compressor.
Atmospheric concentration of NH 3 -N (C A mg N m −3 ) at the wind tunnel reference and sample ports was determined using
where C S (mg N L −1 ) is the measured concentration of NH 3 -N in the acid trap solution, V S (L) is the measured volume of acid trap solution, and V A (m 3 ) is the measured volume of air passed through the acid trap solution. Air volume (V A ) was determined using both the flow meter's totalizer function, and measured instantaneous air volumetric flow rates, i.e.,
where R I (m 3 h −1 ) is the measured air volumetric flow rate at the start of the measurement period, R F (
is the measured air volumetric flow rate at the end of the measurement period, and t (h) is the measurement time. Net daily ammonia volatilization flux, F (kg NH 3 -N ha −1 d −1 ), was calculated using
where R WT (m 3 d −1 ) is the air volumetric flow rate through the wind tunnel, A WT (m 2 ) is the soil area covered by the wind tunnel, and ΔC A (mg NH 3 -N m −3 ) is the difference in atmospheric NH 3 -N concentration between the wind tunnel reference port and sampling port. The R WT was determined during an indoor calibration, prior to the tunnels being placed in the field.
A hot-wire anemometer was placed through a port at the tunnel entrance to adjust the fan speed to achieve an effective wind speed of 4.5 km h −1 . Wind speeds were also measured indoors at the end of the study to ensure continued accuracy of flow. The cross-sectional area of the tunnel is 0.194 m 2 . The dilution-concentration relationship for aqueous solutions was used to deduce the solution loss mechanism, i.e.,
where C 1 is the specified initial NH 4 + -N concentration in the acid trap (i.e., 5 mg L −1 ), V 1 is the specified initial solution volume in the acid trap (i.e., 100 mL), V 2 is the measured solution volume in the acid trap after 24 h (mL), and C 2 is the predicted NH 4 + -N concentration (mg L −1 ) in the acid trap after 24 h if solution loss was due entirely to water loss (i.e., no loss of NH 4 + -N).
Hence, statistical equivalence between eq. 4 and for all V 2 implies that loss of bulk solution (i.e., water plus NH 4 + -N) was predominant, while systematic deviation of measurements from eq. 4 implies loss of both water and bulk solution.
Experimental design
The study was conducted at the Hon. Eugene F. Whelan Research Farm, Woodslee, ON (lat. 42.21°N, long. 82.75°W), and made use of an ongoing field study evaluating different fertilizer N sources and application methods for corn (Zea mays L.) production. Three wind tunnels were used for detailed investigation of solution loss from acid traps, and it was assumed that negligible NH 3 -N was volatilized or deposited during the study because the tunnels were located on soil that had not received N fertilizer. chosen because it falls within the range of samples that we have collected in our previous studies (Drury et al. 2017; Woodley et al. 2018) as well as falling within the middle of the range of concentrations used for NH 4 -N standards when analyzing NH 4 -N on the Lachat autoanalyzer. The increased concentrations due to evaporation were also easily and accurately measured on the auto-analyzer. The 5 mg L −1 concentration is well above the minimum detection limit of the analyzer. Any precipitation that occurred during the study period was artificially added to the soil under the tunnels on the following day using an irrigation wand and digital flow meter. Daily precipitation, relative humidity, and air temperature were obtained from an on-site weather station located ∼300 m apart from the field site. A Proc Mixed ANOVA (SAS Institute Inc., Cary, NC, USA) was used to determine the impact of acid traps and sampling day on NH 4 + -N concentration and solution volume loss in the three wind tunnels. The acid traps (reference and sample) and sample day were considered fixed effects, and the wind tunnels were considered a random block effect. Least-squared means were used to determine significant (P = 0.05) treatment effects or interactions.
Results and Discussion
Daily solution losses from the acid traps ranged from 23 to 70 mL during the 27 d trial, with an average loss of 40.2 mL (SD = 9.2 mL) from the original 100 mL. ). If uncorrected, either through a calculation or physically diluting the sample back to 100 mL, an overestimation in ammonia emissions ranging from 9% to 224% would occur. There was a significant effect (P < 0.0001) for sampling day and acid trap location (i.e., sample trap versus reference trap), but no significant interaction between sampling day and acid trap. Least-squared means indicated significantly greater NH 4 + -N retention in the sample acid trap (99.1%) relative to the reference trap (98.1%); however, the difference was minor (1%). Average NH 4 + -N recovery from the acid traps after 24 h was 98.6% (SD = 0.15%). Measured NH 4 + -N concentration vs.
solution volume corresponded very closely with the dilution-concentration relationship for aqueous solutions (eq. 4; Fig. 2) , and predicted vs. measured NH 4 + -N concentration was not significantly different from the 1:1 line (slope = 1.0011; P < 0.0001; R 2 = 0.9402). Hence, volume loss from the acid traps was due predominantly to water evaporation loss rather than loss of bulk solution, and NH 4 + -N loss from the acid trap solution was negligible. The excellent fit between eq. 4 and the data further implies that the acid trap was effective at containing the NH 4 + -N once the NH 3 -N has been captured in the acid solution, and the methods for measuring NH 4 + -N concentrations were accurate. The wind tunnel method relies on the amount of acid solution in the acid traps always being sufficient to trap was measured by Drury et al. (2017) . Daily cumulative air flow volume obtained using average flow rates (eq. 2) regressed against cumulative volume from the totalizer function revealed strong linear correlations (R 2 = 0.97), but a systematic underestimation of 18.5% (Fig. 3) . The regression coefficients of the reference and sample lines were not significantly different from one another (Fig. 3) . Underestimation of flow volume using average flow rates occurred in every case (ranging from 4% to 30%), and occurred even when the start and end flow rates were identical. We speculate that this underestimation reflects diurnal changes in air flow rates due to the observed cyclical changes in air temperature and relative humidity, which fall and rise in an inverse pattern (data not shown). Barometric pressure measured over the 27 d showed a minor diurnal pattern, but only between 1.9 mbar (993.8-991.9 mbar) difference between maximum and minimum values (data not shown), suggesting that the effect of changing temperature and (or) potentially relative humidity, are the main contributing factors to variations in air flow from the pump. The average sampling time was at 10:00 am, which falls within a transition period where relative humidity levels are falling from a maxima at 5:00 am and temperatures are rising to a maxima at 2:00 pm. Generally speaking, as air warms throughout the day, potential changes to the "rigidity of the diaphragm and valve plates" (R. Franchetti, personal communication, KNF Neuberger, Inc. Trenton, NJ, USA) and change in air density must increase air flow from the pump. Hence, daytime air flow rates appear to be greater than night and early morning flow rates, which may cause underestimates in total flow volume given that the start and end flow rates were measured in the morning (10:00 am). When using diaphragm pumps in environments that are exposed to changing climatic variables, it appears that continuous measurement of air flow is an essential measurement technique for accurate estimates of cumulative flow volumes, rather than calculations based on the average of initial and final flow rates.
Conclusions
Loss of solution volume from the sample and reference acid traps was due to evaporation of water, and virtually all captured NH 4 + -N was retained in the remaining solution. Hence, water loss from the acid traps must be measured and taken into consideration for the calculations of ammonia volatilization. Failure to account for the volume change through calculations which include the final volume or by diluting the sample to the original volume would result in overestimation of ammonium concentration ranging from 9% to 224%. Daily cumulative air flow volume was underestimated when determined by averaging initial and final air flow rates (eq. 2), and this in turn overestimated NH 3 -N volatilization by 18.5%. It is consequently recommended that cumulative air flow volumes are determined using an accurate flow meter that combines continuous flow monitoring with a totalizer function. This study validated that water loss from the acid trap was due to evaporation, and flow volume errors are avoided by using continuous flow monitoring. 
